Objectives: This paper describes a methodology for the monitoring of the fetal cardiac health status during pregnancy, through the effective and non-invasive monitoring of the abdominal ECG signals (abdECG) of the mother. Methods: For this purpose, a three-stage methodology has been developed. In the first stage, the fetal heart rate (fHR) is extracted from the abdECG signals, using nonlinear analysis. Also, the eliminated ECG (eECG) is calculated, which is the abdECG after the maternal QRSs elimination. In the second stage, a (fECG) is obtained. Finally, monitoring of the fetus is implemented using features extracted from the fHR and fECG, such as the T/QRS ratio and the characterization of the fetal ST waveforms. Results: The methodology is evaluated using a dataset of simulated multichannel abdECG signals: 94.79% accuracy for fHR extraction, 92.49% accuracy in T/QRS ratio calculation and 79.87% in ST waveform classification.
Introduction
During pregnancy, the supply of oxygen and nutrients to the fetus and the removal of carbon dioxide and other waste gases is achieved through the placenta. Any alteration in placental function can result in reduced oxygen delivery to the fetus, a condition known as fetal hypoxia, associated with severe perinatal morbidity (metabolic acidosis, encephalopathy) and mortality [1] . Monitoring of the fetus during pregnancy may enable recognition of pathological conditions such as fetal hypoxia, allowing thus prompt medical interventions before irreversible changes take place.
Fetal heart rate (fHR) monitoring remains the main type of fetal health assessment [2] . Cardiotocography (CTG) is a method widely used over the last decades mainly for continuous fHR monitoring during labor but also for the intermittent assessment of high-risk pregnancies in the antenatal period [2] . Although fHR monitoring using CTG is still considered the standard of care for intrapartum fetal surveillance [3] , CTG data interpretation has remained a subject of scientific controversy; data are interpreted by physicians based on visual recognition of fHR patterns (e.g. bradycardia, accelerations, decelerations) with a high intra-and inter-observer variability, limiting thus the clinical usefulness of the technique. Moreover, although the sensitivity of the method to detect fetal hypoxia is high, its specificity is poor resulting in increased rates of unnecessary medical interventions without noticeable improvement in fetal outcomes [4] . Electronic fHR monitoring by CTG reduces neonatal seizures by 50%, but not fetal mortality, at a price of increased risk of caesarean section and vaginal operative delivery [4] .
A lot of scientific work has focused to the development of new methods for continuous intrapartum monitoring aiming to improve both fetal and maternal outcomes. ST waveform analysis of the fetal electrocardiogram (fECG) has been developed to provide objective information about the fetal condition in adjunction to fHR monitoring [5] . Repolarization of myocardial cells is very sensitive to metabolic dysfunction induced by fetal hypoxia. This might be reflected in ST waveform changes in fECG such as an increase in T wave, quantified by the ratio of the T wave to the QRS amplitude (T/QRS ratio), or a biphasic ST pattern. Combining these features with fHR pattern analysis and additional clinical information aids to reduce uncertainty of presence or absence of hypoxia, leading thus to a reduction in unnecessary interventions. Several clinical studies showed a reduction in fetal morbidity when clinical intervention was led by intrapartum fHR monitoring in conjunction with ST waveform analysis [5] [6] [7] [8] . A recent systematic review and metaanalysis [9] reported a small reduction in perinatal morbidity and operative vaginal deliveries associated with the use of adjunctive ST waveform analysis. However, the method has not gained widespread acceptance mainly because ST waveform analysis remains an invasive technique; the fECG signal is recorded with a fetal scalp electrode applied only during labor after the membranes rupture, increasing thus the risk of maternal to fetal transmission of infection.
Apart from intrapartum monitoring, fHR analysis may play an important role in the ambulatory assessment of high-risk pregnancies, which is currently an area of investigation [10] . Pathological conditions such as pre-eclampsia or placental insufficiency may lead to intrauterine growth restriction (IUGR). Fetuses suffering from IUGR due to placental insufficiency are at risk of severe complications (e.g. stillbirth and impaired neurological development); antenatal surveillance modalities aim to detect signs of progressive deterioration in these fetuses in order to accurately predict fetal risk and decide upon the optimal timing of pre-term delivery. Ultrasound, to either perform complex biophysical profile scoring evaluation or multivessel Doppler investigation, is the method more widely used in clinical practice for this purpose [2, 11] and proven to be safe in the long-term [12] . In addition to some specific disadvantages (e.g. need for specialized bulky equipment, highly trained and experienced personnel), the main limitation of Doppler ultrasound is its sensitivity to any movement; the method can be used only in hospital settings and is unsuitable for ambulatory monitoring. Monitoring of fHR, combined with computerized analysis of ST waveform or short-term fHR variation, has also been proposed, but its use remains limited mainly due to the invasiveness of the method [2, 11] .
The abdominal ECG (abdECG) recording is a very promising alternative method that could be used for fetal monitoring either during labor or in the antenatal period with several important advantages. The technique is totally non-invasive using only lightweight electrodes, can be used for long duration recordings [13] , is simple to operate even by the mothers themselves and thus may be potentially suitable for ambulatory conditions and telemonitoring. However, abdECG is a composite signal consisting from both the maternal ECG (mECG) and the fECG as well as noise interference. Two major approaches exist currently in the analysis of fECG signals recorded from the pregnant woman: a) direct extraction of the fHR from the abdECG, or b) extraction of the fECG from the abdECG and subsequent fHR identification. The extraction of fHR and fECG from abdominal recordings still remains a very complex task; various research efforts using signal processing techniques have been reported [13, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Blind source separation (BSS) methods have also been used and shown to be more efficient in extracting several source signals from a large number of observed signals [24] [25] [26] [27] . Lu et al. [28] recently proposed ICA with reference (ICA-R) to improve the efficiency of BSS application. However, the majority of these methods are characterized by several limitations [29] .
There are only a few systems reported in the literature for fetal cardiac health monitoring based on abdECG recordings [30] [31] [32] [33] . Jezewski et al. [30] proposed a four-lead monitoring system for the extraction of fECG, mHR, fHR, uterine contractions and T/QRS ratio, although no numerical results were presented in their study. Taylor et al. [31] used the QinetiQ fECG technology [32] to extract non-invasively fECG and fHR signals. Using a twelvelead recording system, average fECG waveforms may be extracted without performing ST waveform analysis. Monica Healthcare Ltd. [33] developed a fetal/maternal monitoring system designed for the acquisition of mHR, fHR, maternal movements and maternal uterine activity (20 weeks of gestation until delivery), using five electrodes placed around the mother's abdomen connected to a wearable monitor. Lack of fECG morphology extraction for further waveform analysis and capability of real beat-to-beat extraction are the main disadvantages of this system.
In this work we aim to facilitate the prenatal methodology for fetal cardiac health monitoring by developing a transabdominal system for long-term monitoring using ECG leads placed on the mother's abdomen. Data analysis is carried out automatically in three stages. In the first stage, the recorded abdECG is analyzed using 3D phase-space analysis and multivariate denoising techniques, in order to extract the fHR and the eliminated ECG (eECG), i.e. the abdECG without the maternal QRS complexes. In the second stage, independent component analysis (ICA) is applied to the eECG; the extracted components Finally, in the third stage, the fECG signal is processed to extract several features important for fetal monitoring. More specifically, the T/QRS ratio is calculated and the ST waveform is analyzed. The proposed methodology described above is then evaluated in a large number of simulated signals generated using an abdECG generator [34] and various signal-to-noise ratios (SNRs). The proposed method presents several advantages compared to previously reported methods; it is non-invasive and offers automated identification of fECG and automated ST waveform analysis employing an efficient BSS approach.
The paper is structured as follows: the three-stage methodology is described in Section 2. The datasets used to configure and evaluate the methodology are presented in Section 3, while the implementation of the methodology (i.e. the selection of the techniques used in each stage of the methodology and the procedure utilized to identify the parameters of the methodology) is presented in Section 4. Results of the evaluation of the methodology are discussed in Section 5. Discussion (Section 6) and concluding remarks (Section 7) follow.
Materials and Methods
The three stages of the proposed methodology are shown in ǠFigure 1 and are described in detail below.
Stage 1: fHR Extraction
In the first stage, the abdECG consisting of N leads (8 in our case) is analyzed to extract the eECG and fHR. The application used is based on a methodology proposed by our group and described in detail previously [29] . Briefly, the first stage includes three steps [29] .
Step 1: Maternal QRS Elimination
In the first step, preprocessing of the abdECG is applied. Each abdECG lead is filtered using a band-pass filter at the 4-20 Hz subband, eliminating noise artefacts from the abdECG signal. That results to the filtered signal f, represented as a N × M matrix, where M is the number of samples. Thus, each signal (lead) is a row in the matrix. The points belonging to maternal QRSs (mQRSs) are identified from the filtered abdECG. For this purpose, initially QRS detection is performed to detect the mQRSs (using a parabolic fitting technique) [35] and then the (modified) threedimensional (3D) phase-space analysis [36, 37] is used to detect the points belonging to the mQRS complexes. The above is applied into the first lead of the signal f.
The 3D phase-space plot, based on 3D Poincaré maps, is created after calculation of the first (Δf ) and the second (Δ 2 f )derivatives of the first row of the signal f and then plotting of each point ( f (i ), Δf (i), Δ 2 f (i)) where i is the time sample. A 3D ellipsoid is defined, using the universal criterion λ F [36] . After application of the 3D phase-space plot to ECG data (ǠFig. 2), the points in the large surrounding torus mainly correspond to the mQRS complexes (points of interest) and sharp noise contamination [34] , while the points in the middle correspond mainly to P and T waves, low frequency noise activity and fECG contamination.
In contrary to the initial approach [36] , which assumes that the samples of the signal are normally distributed, in the case of ECG this assumption does not hold. Thus, we have introduced three parameters, a 1 , b 1 , and c 1 , which multiply λ σ f , λ σ ▲f and λ σ ▲ 2 f , respectively. The above described approach is a generalization of the method proposed in [36] . Based on this, the procedure for mQRS detection by the phase-space analysis is summarized as follows:
1. Set f to be of zero mean: f = f -.
Calculate the derivatives
3. Calculate the angle θ: Each outlier is replaced using spline interpolation.
9. The above steps are applied iteratively until no outliers are identified in step 8.
In our case, we have defined the values of the parameters to be a 1 = b 1 = 1 and c 1 = 0.8; the procedure that was followed for defining these values is described in the Results sec-
Fig. 6
The ICs after application of EFICA in eECG signals. Solid lines indicate the positions of annotated fetal R peaks while the circles < indicate the detected IC peaks. Numbers on the right ('04','00'...'05') correspond to the number of true positive R peaks and the stars * indicate the channels of detected fICs.
Fig. 7
A working example of the merging procedure: a) the first fIC (corresponding to channel 3 -fIC 3 ), b) the second fIC (corresponding to channel 5 -fIC 5 ), and c) the fECG signal. Dotted lines correspond to the fIC 3 and inversed fIC 5 . tion. A 3D phase space map and the corresponding ellipsoid are shown in ǠFigure 2.
For each maternal R peak, the last consecutive mQRS points to the left and right define the maternal Q wave start (mQRS onset) and S wave end (mQRS offset), respectively. Then, spline interpolation (using higherorder polynomial curve fitting) is accomplished between the fiducial points and elimination from the initial abdECG signal (not the filtered) is performed. The elimination procedure is applied in all abdECG leads, thus resulting to the eECG. A working example of step 1 is presented in ǠFigure 3.
Step 2: Fetal QRS Detection
The second step locates the candidate fetal R peaks. Each lead of the eECG (generated from the previous step) is denoised using sequentially: i) band-pass filtering in the 4-80 Hz subband [38] and ii) a multivariate denoising procedure [39] . The denoised eECG is used to detect the fetal R peaks which do not overlap with mQRSs. The 3D phase space thresholding is applied in each lead of the denoised eECG, thus detecting all spikes which are candidate fetal R peaks. We employ a 2 = 1.0, b 2 = 1.4 and c 2 = 1.5 [29] . This procedure results to eight sets of points (one for each lead) which are merged into a single set of points. The outcome of step 2 is the fetal R peaks not overlapping with the mQRSs (eliminated in step 1) and a working example is presented in ǠFigure 4.
Step 3: fHR Extraction
In the third step, the fetal R peaks which overlap with the maternal QRS complexes are detected, using a histogram-based technique [20, 29] . The results from step 2 (fetal R peaks not overlapping with the mQRSs) and those from step 3 (fetal R peaks overlapping with the mQRSs) are combined to form the fetal R-R interval signal and subsequently the fHR is extracted.
Stage 2: fECG Extraction
In this stage, the fECG is extracted from the eECG. The eECG, extracted from the abd -ECG in the first stage, is analyzed using the EFICA (Efficient Variant of FastICA) [40, 41] , an improved version of FastICA algorithm, and the result is eight independent components (IC 1 -IC 8 ). EFICA suffers from the permutation problem, i.e. the independent components (ICs) that contain fECG interference (usually of 1 or 2 channels depending of the SNR) are not predefined and must be identified in the resulted ICs. Thus, a QRS detection algorithm [35] is applied in each IC, in order to detect the signal's peaks (IC peaks). The only modification of the parabolic fitting approach for the fQRS detection is a reduction of the width of the fitting window. This procedure results to one set of points for each lead which is then correlated with the fHR (already extracted in stage 1). Thus, one value for each IC is obtained, which corresponds to the correlation between the current IC and the fHR. Based on the correlation values, the average correlation and the standard deviation are calculated. The ICs which contain strong fetal interference, called fetal ICs (fICs), are identified by the following simple rule shown in ǠFigure 5, where cor (a, b) is the correlation measure between a and b. The correlation is defined as the number of true positive fetal R peaks, i.e. the number of IC peaks which correspond to fetal R peaks. An IC peak is considered as true positive if it lies in a 20-point time window centered in a fetal R peak; The width of the window is set to 20 points since the maximum fQRS duration is approximately 65 msec, which corresponds to 20 sample points for sampling rate 300 Hz [42, 43] . A working example of the above procedure (the IC generated from the EFICA analysis and the fICs identification) is shown in ǠFigure 6.
After fICs identification, those with negative polarity (such as the 5th channel of the 8 ICs in ǠFig. 6) are inversed (i.e. are set with positive polarity) and then the fECG signal is estimated as the average of all detected fICs. In ǠFigure 6, channels 3 and 5 (mentioned with stars '*') are located as the fICs, after the analysis described above. The fECG is estimated as:
, where M is the number of the available fICs and t is a time instant. An example of the merging procedure is shown in ǠFigure 7.
Stage 3: fECG Analysis
The fECG extracted in stage 2 is further processed for T/QRS estimation and ST segment analysis. For each fetal R peak ( fR), an average fetal PQRST complex ( fPQRST) is created The length of each average fPQRST complex is equal to 330 msec which corresponds to a window of 100 samples [( fRi -100) msec -( fRi + 230) msec], where fRi is the ith fR. Initially, for accurate ST analysis of the average fPQRST complex, precise identification of the isoelectric line is required. The isoelectric line is defined as:
and is subtracted from the average fPQRST complex.
Accurate measurements of changes in T wave amplitude are represented as the ratio between the amplitude of the T wave and the QRS complex (T/QRS ratio). The QRS amplitude is calculated as: while the T wave peak is estimated as:
The ST waveform of each average fPQRST complex is analyzed and characterized as normal ST or biphasic ST of grade 1, 2 or 3. Examples of the ST waveforms are presented in ǠFigure 8.
A horizontal or upward leaning, positive ST segment and a T wave amplitude which is stable and does not increase, define a normal ST. An increase in T wave amplitude is the typical fetal reaction to hypoxia [1, 8] ; this pattern implies that the fetal metabolic defense is intact and the fetus is able to handle hypoxia. A biphasic ST is defined as a downward-leaning ST segment. This pattern occurs if the fetal heart is either exposed to hypoxia and is not able to respond or has a reduced capacity to respond because of previous exposure to stress situations. Biphasic STs are classified in three categories: grade 1 is a downward-leaning ST segment with the entire segment above the baseline, grade 2 when a component of the ST segment crosses the baseline and grade 3 when the whole of ST segment is below the baseline. A significant biphasic event occurs when there are more Although three different grades of biphasic ST exist, grade 1 is considered as normal (i.e. not related to a cardiac disorder [1, 8] ) and thus, we mainly focus on the grade 2 and 3 categories of the biphasic ST waveforms, while all remaining ST waveforms are considered as normal.
Dataset
The validation of the proposed methodology is based on simulated abdECG signals generated using a three-dimensional dynamic model of the electrical activity of the heart; this model considers the fetus to be in its normal vertex position with its head down and its face towards the right arm of the mother [34] . The signals are generated from a linear model which accounts for the temporal movements and rotations of the cardiac dipole, along with an ECG noise model. The model is specialized to maternal and fetal ECG mixtures, recorded from the thorax and abdomen of pregnant women. Our methodology is based on the analysis of abdominal signals only, and therefore thorax signals are excluded. A specific number and positioning of the leads is employed. The number of signal leads was set to 8 in our methodology, as it has been shown that BSS methods require as many external sensors as possible (up to 8) in order to perfectly recover the original signal sources [24] [25] [26] 44] , while sensors must also record "different mixtures" [44] . The lead positions proposed are shown in ǠFigure 10, and are based on the map of fetal signal strength over the mother's abdomen that has been previously reported [31, 32] and the fact that the fetus' usual position is the normal 
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vertex position described above [34] . Based on our preliminary tests on the simulated signals, it was found that the use of eight sensors in the specific locations described above was the minimum number that could be used in order to provide optimal extraction data that would allow further analysis. The use of more sensors did not appear to improve our results, while it also increased the complexity of the data acquisition and analysis. We employed various SNRs in the simulated abdECGs: -5, -2, 0, 2, 5 and 10 dB were used. Five series of simulated multichannel abdECG signals were generated, each of them including six signals (one for each different SNR) of eight channels (corresponding to the eight abdominal leads), with sampling frequency 300 Hz:
• Series 1: Normal ST waveforms (used for parameter calculation).
• Series 2: Normal ST waveforms.
• Series 3: Normal and biphasic (grade 2) ST waveforms.
• Series 4: Normal and biphasic (grade 3) ST waveforms.
• Series 5: Normal and biphasic (grade 2 and 3) ST waveforms.
The first series is used to define the values of the a, b and c parameters in both maternal QRS elimination and fetal QRS detection steps of the first stage, while all others for the evaluation of our methodology. The simulator creates abdECGs with normal ST waveforms; the signals of the second series are then processed to create appropriate biphasic ST waveforms, generating series 3-5. Therefore, the signals included in series 2-5 are similar, having differences only in the ST waveforms.
Implementation
As mentioned in the Introduction section, several BSS techniques have been widely proposed for the extraction of fECG from multichannel signals of the pregnant woman [25, 26, 45] . However, all these BSS approaches have been applied in the multichannel signals of abdomen and/or thorax without providing any preprocessing step, contrary to our methodology. ǠTable 1 presents the results of normalized cross-correlation between the initial fECG signals and the fECG extracted using two different approaches: i) applying BSS analysis to the abdECG (common approach), and ii) applying BSS analysis in the eECG (proposed approach). We employed the EFICA algorithm [40, 41] for BSS analysis in both cases. Cross-correlation is applied in all various combinations between the leads of the initial fECG (8) and the resulting sources after the application of the BSS (8); the maximum value is presented in ǠTable 1. The average accuracy obtained for all simulated signals is 41.49% using the abdECG signals and 75.25% using the eECG signals (33.76% difference). The EFICA technique for BSS analysis was selected on the basis of preliminary tests performed using the eECG extracted from the abdECG of a single simulated signal generated using 0 dB SNR. This signal was generated for this task only and it was not used elsewhere either in parameter identification or evaluation. For this signal, the normalized cross-correlation between the initial fECG and the extracted fECG was calculated (again as the maximum value of cross-correlation of all different combinations between the leads
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Ten different realizations of noise were implemented. The mean values obtained from this analysis are presented in ǠTable 2. Based on these, the EFICA technique was selected, since it provided the best results for the combinatory index among all BSS analysis techniques (forth column), which was calculated as the average between the fECG correlation and the normalized smallest distance from the initial T/QRS ratio (i.e. the T/QRS ratio of the initial fECG). The first series of abdECG signals was used to define the values of the parameters a, b and c, for both maternal QRS elimination and fetal QRS detection steps of the first stage. In the first case (maternal QRS elimination step) we performed parameter analysis, varying a 1 , b 1 and c 1 in the range: a 1 ∈ {0.5, 0.6, ..., 1.5}, b 1 ∈ {0.5, 0.6, ..., 1.5} and c 1 ∈ {0.5, 0.6, ..., 1.5} and the best results (in terms of fHR extraction after the first stage of the methodology) for the first abdECG series were obtained using (a 1 , b 1 , c 1 ) 0 (1.0, 1.0, 0.8) Then, the parameters used in the maternal QRS elimination step were set to the above values and the same procedure was followed in order to define the values of the parameters for the fetal QRS detection step, thus leading to (a 2 , b 2 , c 2 ) = (1.0, 1.4, 1.5 ). These two sets of parameter values were used in the maternal QRS elimination and fetal QRS detection steps, respectively [29] .
Results
Validation is performed for each of the stages of the proposed methodology (fHR extraction, fECG extraction, fECG analysis) and the results are presented separately. In all cases, validation was performed by comparing the obtained results with the known input, i.e. in the case of fECG extraction, the extracted fECG was correlated with the true fECG, which is known since it is generated from the simulator. + FN) , where TP is the number of the true detected fetal R peaks, FP is the number of false detected fetal R peaks and FN is the number of missed fetal R peaks. The proposed methodology was evaluated using the signals of the 2-4 adbECG series. However, the results obtained from the three additional realizations of the abdECG signal are identical with the original signal (they are from the same signal with differences only in the ST waveform, which does not affect the fHR extraction procedure). Thus, only results for abdECG series 2 are presented.
fHR Extraction
The obtained results are 97.31%, 96.84% and 94.79% for average Se, PDV and Acc, respectively (for the six signals of the second adbECG series). ǠTable 3 presents the obtained results (TP, FP, FN, Se, PDV and Acc) for each of the simulated signals, along with average results.
fECG Detection
The obtained fECG was compared with the true fECG: normalized cross-correlation is applied between the obtained fECG and the eight fECG generated from the simulator (one for each recording channel). ǠTable 4 presents the correlation between the extracted fECG in all different SNRs, with the eight channels of the fECG, generated from the simulator. The obtained results indicate that in all cases the extracted fECG presents high correlation with several of the simulated fECG channels. Also, the correlation value increases monotonically with the SNR used to generate the simulated signal, in all abdECG series.
T/QRS Ratio Calculation
ǠTable 5 presents a comparison between the T/QRS ratio calculated from the extracted fECG (final T/QRS ratio) and the T/QRS ratio calculated from the initial simulated fECG (initial T/QRS ratio). The initial T/QRS ratio is computed as follows:
• T/QRS is computed in each simulated fECG channel.
• A mean T/QRS is computed for every simulated fECG channel.
• The initial T/QRS is computed as the average value of all mean T/QRS ratio values (one for each simulated channel).
The final T/QRS is the mean value of the values of T/QRS computed for the extracted fECG. Ten different realizations of noise were implemented for each simulated abdECG (SNR value) and the mean value is computed.
ST Waveform Analysis
Our methodology classifies the ST waveforms in three different classes: normal, biphasic of grade 2 and biphasic of grade 3. The abdECG series 5 was used to evaluate this step: in each abdECG signal from this series 200 biphasic ST waveforms of grade 2 and 200 biphasic ST waveforms of grade 3 were created. The sensitivity of the normal, biphasic of grade 2 and biphasic of grade 3 ST waveforms, for each simulated signal, is presented in ǠTable 6. ǠFigure 11 presents the application of the methodology in a simulated abdECG signal (2 dB SNR) of 1 minute duration, for all cases related to the ST waveform (i.e. normal, normal and biphasic of grade 2, normal and biphasic of grade 3, normal and biphasic of grades 2 and 3). In each case, the left plot presents the average fPQRST complex (each next fPQRST average plotted upper the previous one) and the right figure the T/QRS of each fECG beat along with the annotation of the respective ST waveform. Annotation is made automatically by the application, mentioned with numbers 2 and 3 for biphasic ST waveforms of grade 2 and 3, respectively, while no annotation is used for normal ST waveforms.
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Fig. 12
Snapshot of the application of the methodology. a) (from up to lower) The fPQRST complexes continuously plotted, the respective FHR and the T/QRS ratio and the annotation for each ST waveform, and b) the 3 fPQRST complexes corresponding to the specific time areas (dotted boxes)
In ǠFigure 12 a snapshot of the application of the methodology is presented. ǠFigure 12a presents the fPQRST complexes (one next to other continuously), the respective fHR and the T/QRS ratio with the annotation of each ST waveform. In ǠFigure 12b, we plot three specific fPQRST complexes with the corresponding ST analysis for the three different time intervals (noted in dotted boxes).
Discussion
A novel, non-invasive methodology for fetal health monitoring is presented. The proposed procedure acquires eight ECG signals from specific positions on the abdomen of the mother (multichannel abdECG). Then, extraction of fHR and fECG is carried out using a BSS approach, while further fECG ST waveform analysis is automatically performed to calculate the T/QRS ratio and classify the ST waveforms. Combining these signals and features with additional clinical information may contribute to fetal cardiac health assessment [1, 7] . Furthermore, the procedure is totally non-invasive, making thus fetal monitoring much easier for both doctors and pregnant women.
Several BSS techniques have been previously proposed for the fECG extraction from multichannel signals of the pregnant woman [14, 25, 26] . All these BSS approaches have been applied in the multichannel signals of abdomen and/or thorax without providing any pre-processing step. In our methodology, we followed a novel approach by applying BSS analysis in the eECG signal instead of the abdECG signal which is commonly used in the literature, since the strongest component of abdECG signals (mECG) is eliminated in the eECG and thus fECG is extracted with higher accuracy from it. This constitutes a major advantage of our approach as proven by our results (ǠTable 1). BSS techniques also suffer from the problem of permutation [24] [25] [26] , i.e. after the application of BSS the signals of interest must be manually identified in the obtained sources. In our methodology we propose a novel approach to overcome this problem; fHR is initially extracted and employed later in the methodology for the identification of the sources obtained from the BSS analysis that include strong fECG interference. In this way, we combine the two approaches reported in the literature (direct extraction of fHR and extraction of fECG). This is a major advantage of our methodology compared to other approaches based on BSS analysis, since it addresses the permutation problem and allows a fully automated analysis. In addition, the EFICA technique has not been previously employed for fECG extraction and has shown to be more efficient than other approaches.
A method similar to ours for extracting the fECG from abdominal composite signals has been proposed by Sato et al. [43] ; the method consists of the cancellation of the mECG and subsequent application of BSS with a reference signal in the eECG. The method is able to extract the P and T waves in addition to the R wave. Major limitations of the method are: the need for parallel recording of the ultrasonic Doppler signal that is used as the reference signal, the lack of denoising stage in cases of very noisy signals, the use of a large number of electrodes (14) that makes the application difficult and non-ergonomic and the inability of the method to perform automated ST waveform analysis.
The proposed methodology allows automated ST waveform analysis that is based on totally non-invasive signals (abdECG recordings) instead of the invasive ones used in clinical practice (fetal scalp electrode). Non- Mean correlation values versus SNR curves, for the fECG extraction step The fECG detection results (ǠFig. 13) also indicate high efficiency in fECG extraction. Again, the results appear to improve monotonically with respect to the SNR; this is shown in ǠFigure 13. The presence of biphasic grade 2 and 3 ST waveforms slightly reduces the efficiency of the methodology in most cases; lower mean normalized crosscorrelation presents is obtained.
Satisfactory results are also presented regarding the correctness in the T/QRS ratio calculation (ǠFig. 14). The initial T/QRS ratio and the final (mean) T/QRS ratio differ slightly in all cases and this difference is not considered crucial for fetal cardiac health assessment [1] , while for the abdECGs with normal ST waveforms (abdECG series 2) the difference is zero. However, this difference increases in case of biphasic grade 2 ST waveforms (adbECG series 3) and further increases in case of biphasic grade 3 ST waveforms (adbECG series 4), while in case of mixture of normal and biphasic grade 2 and 3 ST waveforms (abdECG series 5), the difference lies between the previous two cases. This finding, presented graphically in ǠFigure 14, clearly demonstrates that the closer-to-normal the analyzed ST waveform is, the more efficient the calculation of T/QRS ratio. This implies that the proposed methodology is sensitive to the complexity of the abdECG signal, i.e. as complexity increases, efficiency is reduced.
In addition, the accuracy in T/QRS calculation has been estimated as the percentage (%) deviation between the initial T/QRS ratio and the final (mean) T/QRS ratio, as:
According to this metric, the accuracy of the T/QRS ratio calculation procedure is 100%, 94.96%, 83.02% and 92%, for the abdECG series 2, 3, 4 and 5, respectively, while the average accuracy for all abdECG signals used for evaluation (all abdECG series) is 92.49%. Classification of the ST waveforms has been performed on the abdECG series 5, since this includes ST waveforms from all three classes (normal, biphasic grade 2 and biphasic grade 3). Again the accuracy in classification was proven to be high and to increase monotonically with the increase in the SNR used to generate the simulated signals (ǠFig. 15).
The extraction of fECG and/or fHR extraction from the abdECG presents many technical difficulties that have been addressed in part by the proposed methodology. The abdominal leads record a composite signal (abdECG), consisting of the contributions from both the mECG and the fECG as well as sources of interference including intrinsic noise from the recorder, noise from electrode-skin contact and movement, baseline drift (DC shift), A/C interference noise, uterine contractions activity, etc. Furthermore, fECG occasionally overlaps with mECG, while the fECG signal may vary based on the gestational age, the position of the fetus [42] and the positioning of the electrodes [44] .
There are only few approaches presented in the literature using an embedded noise treatment strategy [13, 23, 46] , while most of published techniques do not cope with noisy recordings and thus cannot be used in real clinical practice. Our methodology is designed to integrate various denoising techniques in several of its stages.
No standard electrode positioning for optimal fECG acquisition has been previously reported [44] . The methodology proposed here employs eight leads in specific locations on the mother's abdomen and has shown good results when evaluated using simulated signals based on the fetus' usual position. However, the quality of signals may vary mainly because of different fetal positions, fetal movements especially in the early stages of pregnancy, uterine contractions and changes in mECG. Further research is therefore needed in order to evaluate the performance of the methodology in clinical practice.
The lack of a uterine contraction recording is a limitation of the proposed procedure. Uterine contraction might affect fHR; the incorporation of an external transducer for the recording of the uterine activity is considered essential for the detection of all types of periodic fHR changes and would lead to a more accurate and efficient monitoring technique [30, 31] .
The equipment used in the proposed methodology to record fECG is of low cost and may be used in conjunction with wearable devices; this is an important advantage of the proposed methodology. The non-invasive nature of the approach combined with its wearability makes it appropriate for healthcare support of pregnant women at remote settings. Telemonitoring of fECG in combination with automated analysis may prove to be important in antenatal surveillance of high-risk pregnancies. Additional features important for fetal monitoring may easily be extracted from the results obtained from our methodology (fHR, fECG, T/QRS ratio, ST waveform classification). Based on parameters related to fHR, such as baseline fHR, fHR variability, reactivity and presence of accelerations and decelerations, fHR can be classified as reassuring, non-reassuring and abnormal. ST events can also be characterized as normal, episodic, baseline or biphasic. However, the above parameters have not been included in the current work since the evaluation is performed using only simulated signals that present specific characteristics (such as fHR) and do not include abnormalities. This is a limitation of this study and evaluation using real abdECG recordings is very important to fully exploit the potential of the proposed methodology. In addition, the proposed methodology is able to extract mECG and mHR and thus may be useful in monitoring of the mother using sophisticated techniques in arrhythmia [47] and/or ischemia detection [48] . The employment of additional features such as those described above, the application and evaluation of the methodology to real abdECG recordings as well as its use in maternal monitoring will be addressed in future communications.
Conclusions
A methodology for the monitoring of the fetal cardiac condition during pregnancy based on abdominal ECG recordings has been presented. Each step of the procedure was evaluated using simulated signals and the results indicate high accuracy. The automated extraction of the fECG from the abdECG and the incorporation of features extracted from it (such as T/QRS ratio and ST waveform analysis) can reveal additional information for the fetal cardiac health. A limitation of our study is that only simulated signals have been employed, and further evaluation with real recordings is required.
